Flood events are difficult to characterize if available observation records are shorter than the recurrence intervals, and the non-stationarity of the climate adds additional uncertainty. In this study, we use a hydrological model coupled with a stochastic weather generator to simulate the summer flood regime in two mountainous catchments located in China and Switzerland. The models are set up with hourly data from only 10-20 years of observations but are successfully validated against 30-40-year long records of flood frequencies and magnitudes. To assess the climate change impacts on flood frequencies, we re-calibrate the weather generator with the climate statistics for 2021-2050 obtained from ensembles of bias-corrected regional climate models. Across all assessed return periods (10-100 years) and two emission scenarios, nearly all model chains indicate an intensification of flood extremes. According to the ensemble averages, the potential flood magnitudes increase by more than 30% in both catchments. The unambiguousness of the results is remarkable and can be explained by three factors rarely combined in previous studies: reduced statistical uncertainty due to a stochastic modelling approach, hourly time steps and the focus on headwater catchments where local topography and convective storms are causing runoff extremes within a confined area. This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and redistribution, provided the original work is properly cited
INTRODUCTION
Floods are a common risk in many mountainous areas worldwide. The estimations of flood magnitudes and return periods are an important issue for local water resources and risk management. However, the common length of the time series of peak flows is usually insufficient to obtain reliable extreme event estimations (Serinaldi & ; Keller et al. ) . However, applications in smalland medium-sized catchments (<1,000 km 2 ) are still scarce.
One reason for the lack of such studies is data scarcity.
Long runoff records from headwater catchments are required to validate simulated flood frequencies, but they are usually unavailable in mountain areas. Another reason is that the short response time of steep headwater catchments to extreme rainfall requires data at a fine time resolution to model peak discharges (Marchi et al. ) .
However, until recently, the available climate models did only provide monthly or daily rainfall outputs, which further In this study, we assess the potential of a stochastic weather generator coupled with a continuous hydrological model in outweighing the drawback of short flood observation periods. The assessment is carried out in two first- 
STUDY SITES AND DATA
The two catchments have been chosen for this study because they are both pilot mountain research catchments in China and Switzerland where a relatively dense network of rain gauges has already been installed 10-20 years ago.
Records of summer peak flows are even available for 30 or more years.
The Guanshan catchment in the western Hubei province in South China (Figure 1(a) ) is a part of the Yangtze River Basin and has an area of 320.45 km 2 . The elevation ranges from 240 to 1656 m a.s.l. with a mean elevation of 690 m.
The topography of the Guanshan catchment is characterized by relatively steep slopes on soft, weathered rocks. More than 80% of the catchment is covered by forest and grassland, of which the forest cover accounts about 71% (Table 1 ). The Guanshan catchment has a subtropical monsoon climate which is cold and dry in winter, while annual precipitation is concentrated in summer (Figure 2(a) ). There are three precipitation stations within the catchment (recording since 2007) and one hydro-meteorological station at the outlet (recording since 1973, Table 2 ). The annual average precipitation of the Guanshan catchment is about 900 mm. Heavy rainfall during the summer monsoon season in this area is mainly caused by meso-scale synoptic systems modulated by local terrain (Ding ) . On 5 August 2012, the Guanshan catchment suffered a catastrophic flood, which caused economic losses of 33.5 million dollars.
The Alptal catchment is located in the central Swiss pre-Alps south of Lake Zurich (Figure 1(b) ). The catchment has an area of 46.4 km 2 , an altitudinal range from 840 to 1898 m a.s.l. (Table 1 ) and is part of the Rhine River Basin. Downstream of the catchment, the river Alp flows into the river Sihl. The topography of the Alptal valley is rather smooth with slopes of 20-40 . Most of the area is covered by Gleysols with limited permeability and practically no deep infiltration of water. Typically for this pre-alpine landscape, the vegetation cover is highly heterogeneous with the forest of Norway spruce (Picea abies) and silver fir (Abies alba), covering approximately 50% of the catchment (Table 1) .
Located at the transition from the Swiss Plateau to the central Swiss Alps, precipitation in this area is abundant with a Figure 1 | Overview maps of the two study catchments. The locations of the available precipitation gauges and the hydrological stations at the outlet of the catchments are indicated.
Google satellite imagery is used on the background. distinct gradient from north to south (long-term average Einsiedeln: 1790 mm/year, Erlenbach: 2300 mm/year).
The mean annual air temperature is 6.7 C at the MeteoSwiss station in Einsiedeln. In normal winters, a closed snow cover of up to 2 m thickness is present from December to April. Runoff data from the gauge at Einsiedeln are available for the period 1991 until today. Precipitation has been recorded at four locations in the upper part of the catchment since 1999. Summer floods in the Alptal catchment can be both triggered by intense thunderstorms or long-lasting rainfall events.
METHODS

Hydrological model PRMS-Object Modelling System
The physically based, hydrological model Precipitation- The ST-NSRP model has six parameters presented and described in Table 3 . It has to be noted that the ST-NSRP model can only be used to generate a stochastic time series of precipitation and at present cannot be coupled with a generator of air temperature time series. The air temperature has only a minor influence on summer flood extremes in the two study areas, mostly by affecting the initial wetness conditions in the catchments. We therefore did not set up a stochastic generator of air temperatures, but we randomly sampled air temperature time series from the historical records and from debiased climate model outputs, respectively. Precipitation outputs of RCMs provided through CORDEX East Asia are available at daily and 3-hourly resolution (Table 4) advantage of using the stochastic data is that much longer time series can be produced. We therefore generate the 
Calculation of confidence intervals
For the estimation of uncertainty in fitted GEV distributions, we compute the profile likelihood function of the GEV parameters (i.e., the shape parameter ξ, the scale parameter σ and the location parameter μ) and then consider the 60% and 95% confidence intervals (CIs) of the maximum likelihood estimates. The profile likelihood method has been suggested as preferable for the estimation of uncertainty in distributions fitted to hydro-meteorological extremes (Serinaldi & Kilsby ) . To assess the climate model ensemble uncertainty, we also compute the 60% and 95% CIs in the obtained flood magnitudes for a given return period.
RESULTS
Model calibration and validation
Deterministic model simulations
The automatic calibration of the PRMS-OMS model resulted in NSE values of 0.79 for the Guanshan catchment and 0.77 for the Alptal catchment, respectively (Figure 4 ).
The mean volume error (ΔQ, not used for the calibration)
is only 1% in Guanshan and 11% in Alptal. There was only one major flood event during the calibration period in Guanshan (5 August 2012, Figure 4(a) ). To assess if the model realistically represents the runoff generation processes, we present the components of simulated runoff during this storm event in Figure 4 (b). According to these results, subsurface flow represents 58%, surface runoff 41% and groundwater flow 1% of the total streamflow components. The runoff coefficient (total simulated discharge divided by total rainfall) was 0.76. We could finally not use the three stations in the upper part of the catchment (Figure 1 ) to force the model during the calibration because precipitation measured at these three stations during the 2012 storm event was less than the measured streamflow depth. If these had been used for the calibration, the automatic calibration would have led to a runoff coefficient of one and almost no subsurface flow contribution to streamflow. We considered this as highly unrealistic and an unfavourable parameterization of the model. Only
Gushan station inputs were therefore used for the calibration.
The calibrated PRMS-OMS model for the Alptal catchment is validated against the observed runoff from all storm events during the period 2009-2018. The NSE value of 0.73 and the total volume error of À7% prove the good model skills in simulating storm flows (Figure 4(d) ). However, the simulated peak flow during the largest floods recorded during the calibration and the validation periods (13 June 2007 and 1 June 2013, respectively) is only 50% and 55% of the measured peak discharge. An explanation for this could be that the available precipitation data may not represent well the rainfall patterns in the catchment during these events, similar to that in Guanshan during the August 2012 event. For other events, the model overestimates peak flows (e.g., 17 September 2006) or reproduces them accurately (e.g., 21 September 2000, Figure 4(d) ).
Overall, the results do not suggest that the model systematically over-or underestimates peak flows.
Stochastic model simulations
The station climate statistics (see Figures 5 and 6 for an example from each catchment) in combination with the Figure 5 ). Only the dry probability is slightly overestimated in August and September ( Figure 5(d) ). The value of this statistic is also overestimated during most of the months at the Gushan station in the Guanshan catchment ( Figure 6(d) ). At the Gushan station, the model has difficulties in representing the climate statistics for the month of May ( Figure 6 ).
However, there may be an artefact in those data since the hourly skewness is more than 100% higher than in any other month. The allowed range of ST-NSRP parameters prevents the model from overfitting to such unrealistic values. Furthermore, the auto-correlation during the winter months is overestimated (Figure 6(e) ), which is however not relevant here due to the focus on summer storm events.
The simulated flood frequency distribution with stochastic inputs is presented in Figure 7 . The fitted GEV distribution of observed flows in Guanshan is entirely within the 60% CI of the GEV distribution fitted to the simulations (Figure 7(a) ). According to the GEV distribution Indeed, the 60% CI is much larger than the differences in the return period estimates between observations and simulations (Figure 7(a) ).
In Alptal, the simulated peak flows with a return period larger than 2 years exceed the flows as estimated from the observations. Events with a return period between 3 and 50 years are estimated on average 21% higher according to the GEV distribution of simulations.
It is interesting to find that the plotting positions of the four largest observed flood events are all above the GEV flood frequency curve (Figure 7(b) ). It is possible that the flood generation processes are different for such rare in Guanshan and 28 years (1991-2018) in Alptal, respectively, and based on the 300-year time series of stochastic simulations. The 60 and 95%
CIs of the GEV fits are indicated. events, and that they are therefore not well represented by the GEV distribution fitted to all annual peak flows. This possibility is taken into account by the GEV distribution of the stochastic outputs, which is fitted only to events with an empirical return period of 10 years or more (see Climate statistics in 2021-2050
The range of climate statistics obtained from the biascorrected RCM indicates a gradual increase in air temperatures in both catchments until 2050 (Figure 8 ).
Compared to the period 2001-2010, the air temperatures in Guanshan are projected to increase by 1.6-2.2 C until 2041-2050 according to the RCP 4.5 scenario, and by 2.7-2.9 C following RCP 8.5. In Alptal, these values are 1.3-2.0 and 0.9-2.3 C, respectively.
The bias-corrected and downscaled RCM ensembles available for the Guanshan catchment indicate an increase in mean annual summer precipitation by 8% (RCP 4.5, ensemble median) and 6% (RCP 8.5), respectively, comparing the future period 2021-2050 to the observation period 1989-2018 (Figure 9(a) ). For the Alptal catchment, on the other hand, the RCM ensemble projects a decrease in summer precipitation (RCP 4.5:
À7%, RCP 4.5: À4%; ensemble medians, Figure 9(d) ).
The patterns are different with respect to the expected changes in the daily variance and skewness. Regarding the variance, the RCMs do not indicate a clear direction of change, but almost all RCMs project and increase in the skewness of daily summer precipitation (Figure 9(e) and (f)). In Guanshan, as in Alptal, the ensemble median of the RCPs indicates an increase in the daily skewness by more than 10% (both RCPs, Figure 9(c) ).
High skewness values are associated with extreme precipitation and therefore point to an intensification of extremes. Projected changes in other statistics required by the weather generator such as the dry probability or the daily auto-correlation are not reported here for reasons of shortness and because their association with extreme precipitation or floods is less straightforward. 
Flood frequencies in 2021-2050
The ensemble average of both assessed scenarios (RCP 4.5 and RCP 8.5) and in both catchments points to a strong future increase in flood magnitudes and frequency ( Figure 10 ). In the Alptal catchment, for both RCPs, the flood frequency curve obtained by GEV-fitting for the reference period is outside the 95% CI of the flood frequency curve identified for 2021-2050 (Figures 10(b) and (c) ). The same is the case in Guanshan considering the RCP 4.5 scenario ( Figure 10(a) ). Indeed, in all these three cases, none of the individual RCMs from the ensemble projects a decrease in flood magnitudes and frequency. A decrease in extremes is possible in Guanshan according to two RCMs (RegCM and SNU, Table 4 ) for the RCP 8.5 scenario. In this latter case, the ensemble uncertainty of the climate models is so large that the 60% CI entirely overlaps with the 60% CI of the GEV distribution for the reference period (Figure 10(b) ).
However, also in this case, the ensemble average is still above the 60% CI of the reference period.
Generally, the model outputs for the future period indicate a stronger relative increase in the flood magnitude for very rare events. In the Alptal catchment, the peak flows of floods with a return period of 20 years are projected to increase by 25-50%, while the floods with a recurrence interval of 100 years increase by 60-90% according to the ensemble average (both RCPs, Figure 11(b) ). In Guanshan, the projected relative changes are even stronger. The magnitude of a 20-year flood increases by about 60%, and the projected peak flows of a 100-year flood exceed the peak flows of a current 100-year flood by 100% (RCP 4.5, Figure 11(a) ). Under RCP 8.5 conditions, the ensemble average for the Guanshan catchment projects an increase in the flood magnitude by about 45-60% across all return periods (Figure 11(a) ). Considering the ensemble average, a 100-
year flood in Guanshan of the reference period statistically The effect of the spatial scale is also important to consider when comparing our results with the findings of previous studies. Many floods in the Swiss catchment are In this study, we do find large differences between the outputs obtained from different model chains, in particular for the RCP 8.5 scenario and long return periods. In the Alptal catchment, for example, the hourly peak flow of a 100-year flood may increase by 3 to 275%, considering the 95% CI of the climate model ensemble. It is therefore clear that it is not possible to precisely predict by how much the extreme events will increase. However, the confidence that extreme flows will intensify is high, given that all GCM-RCM model chains lead to projections of positive changes.
The agreement between different model chains with respect to the direction of change is contrasting the results of numerous previous studies where the results were found to be dependent on the selected GCMs or RCMs (e.g., Camici et al. ) . The use of hourly rather than daily time steps might explain the good agreement between different models on the direction of change. For example, for the RCP 4.5 scenario in the Guanshan catchment, all RCMs predict increasing magnitudes of hourly peak flows (Figure 11(a) ), but for daily flows, the 60% CI regarding the changes in 100-year floods ranges between -23% and þ85%. Figure 10 ).
Of course, the statistical uncertainty of the GEV fit to the long stochastic data series is lower than the uncertainty of the GEV fit to relatively short historical data (Figure 7) . In the Alptal catchment, however, a majority of the climate models projects extremes that are even above the upper limit of the 60% CI of the GEV fit to historical flows. For a 50-year flood, for example, the upper limit of the 60% CI is 32% higher than the fitted value (Figure 7(b) ), while the ensemble average for 2021-2050 projects a 53% increase (both RCPs, Figure 11(b) ). Given the huge damage potential of the river Sihl (Kleinn et al. ), we therefore recommend that potential climate change impacts on extremes should be explicitly considered for flood mitigation.
In this study, we consider the uncertainties related to the climate models and climate scenarios. Among other sources of uncertainty that are not assessed here, the hydrological modelling uncertainty is perhaps the most important (Hall et al. ) . The model structure and the model parameters may not equally apply to the present and the future conditions and already do not reproduce all storm types equally well for the current climate (Figure 4) . Future studies should attempt to assess and quantify the role of hydrological modelling uncertainty for this type of applications, for example by choosing a parameter ensemble approach rather than considering only the best performing parameter set from the calibration.
CONCLUSIONS
Using the example of two forested headwater catchments in Switzerland and China, representing completely different climate zones, this study investigates how climate change will affect extreme summer flows in mountainous areas.
Our results indicate a clear increase in flood frequencies and magnitudes in both catchments already in the near future . The high agreement between different model chains with respect to the direction of change is remarkable. The following reasons seem to have favoured the emergence of clear patterns of flood regime changes:
(i) increasing the length of the climate data series using a weather generator reduces the statistical uncertainty when estimating low-probability flood peak events; (ii) rainfall events are intensifying in a warmer climate, but due to the relatively small spatial extent of convective storms, the effect on river peak flows is more significant at the scale of small headwater catchments and (iii) modelling the response of mountain catchments to rainfall extremes 
